Analysis of the IBEX-Hi Energetic Neutral Atom spectra reveals, for the first time, the sky map of the source ion temperatures. The solar wind exists in non-equilibrium stationary states and can be described by kappa distributions. The high-energy asymptotic behavior of kappa distributions leads to a power law of the flux versus energy spectrum, while its specific formulation derives the temperature and kappa index that govern these distributions. We find that the observed temperature in most directions is about a million degrees, in agreement with most heliospheric models for the inner heliosheath. Thus, the termination shock is stronger in most places than revealed by the Voyagers' observations at their two unique crossing points. The global sky maps indicate low-temperature regions in various directions, including toward Voyager 2 where the temperature is an order of magnitude lower, consistent with in situ Voyager observations. Interestingly, the vast majority of measured kappa indices are between ∼1.5 and ∼2.5, consistent with the far-equilibrium "cavity" of minimum entropy discovered by Livadiotis & McComas. The sky maps suggest that the Ribbon is a string of localized regions, while its thermodynamical behavior differentiates it from the global distributed flux. A simple model is developed to derive the density, heliosheath thickness, and thermal pressure. We find that the Ribbon thermal pressure is ∼3.5 pDyn cm −2 , roughly equal to the mechanical pressure exerted by the Local Interstellar Medium.
INTRODUCTION
Both the Voyager 1 and Voyager 2 spacecraft recently crossed the termination shock, entering the postshock region called the inner heliosheath (e.g., see Zank 1999; McComas et al. 2009a) , and collecting unique observations in this region. These measurements provide detailed in situ information along the spacecraft trajectories, but do not provide information about the regional or global structure of the inner heliosheath. In contrast, the Interstellar Boundary Explorer (IBEX) was designed to collect Energetic Neutral Atoms (ENAs) emitted from the outer heliosphere over the whole sky (McComas et al. 2009a) , in order to observe the global structure of the heliosphere.
ENAs are generated when a cold neutral atom from the Local Interstellar Medium (LISM) exchanges charge with a heliospheric ion. The new neutral atom (usually hydrogen) is born from the local proton distribution, and thus the ENA emission reflects the properties (such as energy distribution and density) of the source ion population-generally the solar wind and pick-up ions. The key characteristics of the underlying energy distributions of the parent protons observed in ENA flux maps over the IBEX energy range can provide important information such as the temperature and density of the parent protons. The plasma beyond the termination shock in the inner heliosheath contains a combination of solar wind and pick-up ions and is generally thought to be the parent ion population of the detected ENAs from most directions in the sky. While pick-up ions have a velocity distribution that spans the velocity range from zero to about twice the solar wind velocity, solar wind ions can be described by a well-founded distribution, the so-called kappa distribution.
The solar wind generally refers to the stream of particles that are ejected from the upper atmosphere of the Sun. However, in its expansion outward from the Sun it is continuously enriched with pick-up ions. After enough time the pick-up ions are incorporated with the original solar wind, having a single, undistinguished distribution that is a kappa distribution with a new kappa index (Livadiotis & McComas 2010a , 2011 . Throughout the paper, we refer to this as "incorporated solar wind" in order to distinguish it from the "original solar wind" coming directly from the Sun. The "parent protons" refer to the incorporated solar wind and not the "unincorporated pickup protons" which are not described by a kappa distribution. When we refer generally to "solar wind," we mean both the incorporated and the original solar wind. Hereafter we focus on the distribution of the incorporated solar wind protons. Some key-characteristic parameters of the parent distribution are the temperature, the density, and the kappa index, and these are the parameters that we extract by studying the IBEX ENA spectra.
The first global IBEX observations (McComas et al. 2009b; Fuselier et al. 2009; Funsten et al. 2009a; Schwadron et al. 2009 ) revealed a narrow Ribbon of ENA emission, 2-3 times brighter than the global distribution of ENAs. This Ribbon is only ∼20
• in width, but extends over the sky (being brighter along a ∼300
• arc across the sky). Several ideas regarding its possible sources were discussed by McComas et al. (2009b) , with additional analysis for some of these performed by Schwadron et al. (2009 ), Funsten et al. (2009a ), and McComas et al. (2010 . The time variation and large-scale stability of the outer heliosphere was examined by McComas et al. (2010) who compared the second to the first sets of sky maps (after inclusion of Compton-Getting corrections for the spacecraft motion). Several relatively small differences in the maps were observed, suggesting temporal evolution of the heliosphere, even over the short timescale of six months. On the other hand, the large-scale structure was generally the same between the two sets of maps. McComas et al. (2010) also provided a set of maps that combines the ENA flux of both the first and second six-month maps using time-exposure weighting. These combined maps have improved statistics that allow more precise statistical analyses of the source plasma populations. These combined flux maps are used in the present analysis, where we utilize them for extracting the characteristics of the distribution of the parent protons.
Empirical kappa distributions successfully describe ions across a broad range of space plasmas (see Livadiotis & McComas 2009 and references therein). Kappa distributions have been utilized in numerous studies of the solar wind in the inner heliosphere (e.g., Chotoo et al. 2000; Mann et al. 2002; Marsch 2006) , while observations from the Voyager spacecraft (e.g., Decker & Krimigis 2003; Decker et al. 2005) indicate that ions in the outer heliosphere are also well described by kappa distributions. On the theoretical side, non-extensive Statistical Mechanics (Tsallis 1988 (Tsallis , 2009 Tsallis et al. 1998 ) offers a solid statistical foundation (Leubner 2002 (Leubner , 2004a (Leubner , 2004b Livadiotis & McComas 2009 ) and provides a set of proven tools for understanding these distributions, such as the physical meaning of the temperature (Livadiotis & McComas 2009 , 2010a ) and the entropy (Livadiotis & McComas 2010a , 2010c ) out of thermal equilibrium, as well as the physical meaning of the kappa index as a measure of how far any stationary state is from thermal equilibrium (Livadiotis & McComas 2010a , 2010b . The kappa index and temperature are independent, controlling parameters for systems described by kappa distributions, such as space plasmas. In this study, our statistical analysis of the IBEX ENA spectra produces an estimation of the kappa indices and temperatures of the parent distributions of protons. We further compare these results with theoretical expectations and model predictions.
Kappa distributions as well as the foundation of Tsallis Statistical Mechanics can be derived from the superposition of Maxwellian distributions, by considering a non-fixed temperature that is characterized by a certain (continuous or discrete) density distribution of temperatures. This generalized statistical framework is called Superstatistics (Tsallis 2009 , and references therein; recently Schwadron et al. 2010 applied this in space plasmas). On the other hand, the superposition of kappa distributions along the kappa index can lead to any functional behavior (Tsallis 2009 , and references therein; the whole statistical framework is usually called Spectral Statistical Mechanics).
As commonly observed in space physics, the power law nature of suprathermal tails melds into the classical quasiMaxwellian cores to describe particles in a single velocity distribution. While the core constitutes the thermal part of the distribution because of its more Maxwellian character, the energetic tail is called suprathermal because of its nonMaxwellian statistics. In the same way, while the pressure that is related to the particles within the Maxwellian core is called thermal, the pressure resulting from the suprathermal tail particles is usually called non-thermal, again, because the statistical nature of the suprathermal component deviates substantially from a Maxwellian description. However, the Maxwellian cores and the suprathermal tails are both uniquely described by a kappa distribution. This is a well-founded generalization of the Maxwellian distribution that is valid for stationary states at or out of equilibrium, in contrast to the Maxwellian distribution that applies only at equilibrium. Therefore, not only the core, but also the tail, and the whole distribution (coupled core and tail) contribute to the thermal properties of the particles, being responsible for the thermal pressure. For instance, the temperature has to be the same for the entire distribution, either in the core where a Maxwellian is well fitted, or in the tail where a power law is well fitted, or in both regions where a kappa distribution is well fitted. For this reason in this paper, the statistical pressure is called thermal for any part of the spectrum, encompassing both the core and the tail. The thermal pressure in the region of the Ribbon was estimated by Funsten et al. (2009a) , using the ENA's flux emitted from these directions in space, and found to be comparable to the mechanical pressure exerted by the LISM as calculated by Schwadron et al. (2009) . Here we show that the thermal pressure is equal to the mechanical pressure, and this phenomenological equilibrium supports the stability of the Ribbon. Livadiotis & McComas (2010a , 2010c , 2011 proposed that the pick-up protons, which are ions with highly organized phase space distributions, can reduce the entropy of the combined system of solar wind and pick-up protons (incorporated solar wind), and thus push the values of the kappa index to be far from equilibrium, and within the "far-equilibrium" region, that is κ ∈ (1.5 , 2.5). (Hereafter this index that governs the kappa distribution will be referred to either as the kappa index or by its Greek letter notation "κ.") A measure of the "thermodynamic distance" from equilibrium, M q , is derived by Livadiotis & McComas (2010b) , in order to characterize the non-equilibrium stationary states. We will show that the outer heliospheric ENA emission regions are characterized by far-equilibrium stationary states, i.e., with kappa indices from κ ∼ 1.5 to κ ∼ 2.5 that correspond to a thermodynamic distance from M q ∼ 100% to M q ∼ 67% away from thermal equilibrium. This condition is quite consistent with expectations for the inner heliosheath due to the large number of the pick-up ions in this region (∼20% by number-cf. Models predict the temperature profile of the shocked ion distributions in the inner heliosheath, with T ∼ 10 6 K on average (e.g., Heerikhuisen et al. 2008; cf. Figure 1 in Richardson & Stone 2009 ). This order of magnitude of temperature for the emission regions is verified by the present analysis, while significant variability in the sky maps of the temperature is also found. In fact, in this study, we find that IBEX produces a consistent spatial distribution of temperatures with generally high temperature (T ∼ 10 6 K) over most of the sky, but also certain areas of low temperatures such as toward Voyager 2, which observed a high-variability temperature profile with T ∼ 10 5 K on average (Richardson et al. 2008 ). This paper is organized as follows: Section 2 provides the theoretical basis required to connect the observed ENA fluxes with the energy probability distribution of the parent protons. The preconditions that have to be fulfilled in order for the ENA energy-flux spectra to be described by a power law are examined in detail. The cross section, survival probability, and energy probability distribution similarly have to be separately described by a power law. In Section 3, we present the statistical methodology used in this study for extracting the kappa index and temperature values of each pixel for which we have measurements of flux as a function of energy. Two levels of statistical fitting are applied: the kappa indices are derived from the slopes of the first fitting, while the temperatures are derived from the slope of the second fitting. In addition, the intercept of the second fitting leads to a quantity that involves the radial averages of the densities of the parent incorporated solar wind protons and of the LISM neutral hydrogen, which we call "the density factor" and helps to approximate the thermal pressure. The derived sky maps of the kappa index and the temperature are presented in Section 4. These maps reveal that the Ribbon appears more as a string of at least five localized regions or "knots." We use a method of statistical convergence in order to extract with high accuracy the values of the kappa indices and temperatures in certain specific sky directions, such as Voyager 1 and 2, and the heliospheric nose and tail. A statistical analysis of these knots shows the Gaussian-like dropping of the intensity (of both the kappa index and the temperature) for observations away from the center of each knot. In Section 5, we discuss the distribution of the whole sky in a three-dimensional (3D) diagram of the kappa index, the density factor, and the temperature, as well as in several projected planes (kappa index versus temperature, density factor versus temperature). The Ribbon is found to be characterized by a certain dynamical law, which clearly distinguishes the Ribbon ENAs from the globally distributed flux of ENAs. In Section 6 we model the density, the thermal pressure, and the integration thickness that is approximated by the inner heliosheath thickness. Finally, in Section 7 we discuss the primary results of this study, while Section 8 summarizes the conclusions. (The Appendix derives expressions used throughout the main text.)
THEORY
The flux of ENAs, j ENA , that are generated by a proton-hydrogen charge exchange at a heliocentric distance r and collected by IBEX (at r = 1 AU), is given by the following line-of-sight integral
(1) where ε is the energy of ENAs in the inertial reference frame of the heliosphere; this equals the kinetic energy of the parent protons (solar wind or pick-up protons), since the momentum transfer in the charge-exchange process can be ignored; the solid angle Ω denotes (in a compact way) both the heliographic latitude θ and longitude ϕ; σ (ε) is the proton-hydrogen chargeexchange cross section; P ∞ surv (ε) is the survival probability of an ENA, generated at a heliocentric distance r 1 AU with energy ε, to achieve to reach IBEX, including in the total loss rate, the factors of secondary charge exchange, electron impact ionization, and photoionization; n H (r, Ω) is the hydrogen density and j ion (ε; r, Ω) is the flux of the parent protons. The ENA flux is approximated by integrating Equation (1) over the outer heliosphere (briefly denoted by r ∈ OH). In this way, the dependence of the survival probability on the heliocentric distance r can be ignored, and taken out of the integration of Equation (1). This holds since the largest impact of the survival probability is within a few AU near Earth.
Both the integrand n H (r, Ω) · j ion (ε; r, Ω) and the nonintegrated term σ (ε) · P ∞ surv (ε) can be approximated by power law relations with energy (for a wide energy range). McNutt et al. (1999) already provided the proton-hydrogen chargeexchange cross section in the power law form σ (ε) ∼ = σ 0 · ε −b cs , with σ 0 ≈ 2.4280 × 10 −15 cm 2 and b cs ≈ 0.1327, which is valid over an energy range that includes the IBEX-Hi energy channels #2-6 with range 0.71-4.29 keV (Funsten et al. 2009b) . (Throughout this work, energy will be given in keV.) The Pearson correlation coefficient is |r| = 99.3%, while the relative error is δσ (ε)/σ (ε) ∼ 9% on average. This corresponds to δσ 0 /σ 0 ∼ 9% for the IBEX-Hi energy range, and for a small exponent error δb cs ∼ 0.01. Hence, we have σ 0 ≈ (2.43 ± 0.21) × 10 −15 cm 2 , b cs ≈ 0.133 ± 0.010.
A similar power law can be found for the survival probability. The five values of this probability for the IBEX-Hi energy channels #2-6 (cf. Table 1 in Schwadron et al. 2011 ) are well fitted with the power law P ∞ surv (ε) ∼ = p 0 · ε b sp (r = 98.3%), with p 0 = 0.728 ± 0.007 and b sp = 0.116 ± 0.011. Both the survival probability and the cross section vary very slowly with energy. Fortunately, over the IBEX-Hi energy range these two variations almost cancel each other out, and their product
016, is only slightly dependent on energy. We note that while it was necessary for the analysis to have all the energy-dependent factors involved in Equation (1) expressed by a power law within the IBEX-Hi energy range, the cancellation between the survival probability and the cross section variations was just a welcome coincidence. We also note that while we assume a time-independent survival probability on average (as given in Schwadron et al. 2011) , this is a function of solar activity, solar wind flux, etc., which varies over time and not just over energy (McComas et al. 2010) .
There are three main conditions that have to be fulfilled in order for the ENA energy-flux spectrum to be described by a power law, i.e., ∂ log j/∂ log ε ∼ constant: (1) the parent protons must be in a single stationary state described by a single kappa distribution and not by a superposition of them, (2) this state has to remain approximately constant (constant κ-index) along the integration column, and (3) the parent protons must be sufficiently energetic to reach the high-energy asymptotic statistical behavior. These conditions are examined in detail in this section.
The solar wind exists in stationary states that can be successfully described by kappa distributions (Livadiotis & McComas 2009 , and references therein). In fact, space plasmas from the solar wind to planetary magnetospheres are found to be in such metastable stationary states out of equilibrium. The kappa index that governs these distributions lies between κ → 1.5 and κ → ∞ and characterizes how far the stationary state is from thermal equilibrium. Equilibrium corresponds to infinity, while the specific index κ ∼ 1.5 corresponds to the furthest stationary state from equilibrium (Livadiotis & McComas 2010a , 2010b . The parent protons can be described by a single kappa distribution (expressed in terms of kinetic energy) P κ (ε; T ; κ), but in general, ions distribution may be a superposition of various kappa distributions, e.g., a linear superposition κ D(κ)P κ (ε; T ; κ), expressed in terms of a density of stationary states D(κ) (Livadiotis & McComas 2010b) . However, when a single value of the κ-index is dominant, the distribution can still be well described by a single kappa distribution (that corresponds to the dominant kappa index). Moreover, if the protons' energy is sufficiently large compared to their temperature and bulk kinetic energy, then, their distribution is approximately given by a power law P κ (ε; T ; κ) ∝ ε −κ−1 , and their flux, by a similar power law with the spectral slope being equal to the κ-index, (Livadiotis & McComas 2009 ). Finally, the ENA flux inherits a power law relation similar to that of their parent protons, j ENA (ε) ∝ σ (ε)·P ∞ surv (ε)·ε −κ ∝ ε −γ , as soon as the dominant value of the κ-index remains approximately constant along the integration column. The fact that we indeed observe power law distributions in the IBEX sky maps supports the constancy of the kappa index along the integration column, and generally, the fulfillment of all of the three preconditions mentioned above.
The power law is written as
where the spectral index γ and the 1 keV flux j * are given by (see the Appendix and Equations (A11) and (A12))
with the constant given by
(Equation (A14)); the flux is expressed in cm −2 s −1 sr −1 keV −1 , the densities in cm −3 , and the temperature in keV/k B ∼ = 11.6 × MK (with k B denoting the Boltzmann's constant). Finally, the function (Equation (A13))
is defined for κ > 3/2 and can be easily derived from the specific formulation of kappa distributions (Livadiotis & McComas 2009 ) in the asymptotic behavior of high energy (that is ε (κ − 3/2) k B T ). The proton and hydrogen densities are expected to increase with the heliocentric distance r in the inner heliosheath, while the proton temperature decreases (e.g., see the model of Heerikhuisen et al. 2008) . Then the integrand in Equation (4), n H (r) · n ion (r) · T (r) κ−1/2 , is less variable than the densities or the temperature separately, generally having a maximum near the heliopause (as densities), or, near the termination shock (as temperature), depending on whether the κ-index is sufficiently small or large, respectively. Large κ-indices enhance the effect of the decreasing temperature (as r increases) rather than that of the increasing density, and vice versa. In practice, the integration is dominated by an effective thickness Δr eff , where the maximum is located. This can be quite small (e.g., significantly smaller than the whole inner heliosheath's thickness), depending on how rapidly the maximum falls off. In the case of the tail's infinite thickness, for example, as we shall see in subsequent sections, the kappa index varies between κ ∼ 2 and κ ∼ 2.5, which are relatively large values and thus the maximum of n H (r) · n ion (r) · T (r)
κ−1/2 should be closer to the termination shock and have quite smaller effective thickness. In contrast, for the cases of the nose and the poles, the effective thickness is likely not significantly different from that of the whole inner heliosheath (cf. Figure 5 in Heerikhuisen et al. 2008) .
The integration in Equation (4) gives the average value of the integrand n H (r) · n ion (r) · T (r) κ−1/2 along the heliocentric distance r, which still, depends on the direction Ω. The "reflected" value of the 1 keV flux j * , defined byj
with the density factor N (Ω) given by ; the weighting is given by the ion and hydrogen densities w(r) ≡ n H (r) · n ion (r), with integration r∈OH w(r)dr = n ion · n H · Δr eff ∼ =nion ·n H · Δr eff . The last approximation is valid since the hydrogen density has weak radial dependence. Finally, the integral in Equation (4) can be written as r∈OH n H (r,
, that is Equations (6) and (7) where we avoid the subscript p for simplicity.
THE STATISTICAL METHOD
Our statistical method applies two levels of fitting for each of the 1800 (6
• × 6 • ) pixels of the sky maps (combined maps 1 and 2), in order to estimate the corresponding κ-index and temperatureT in each pixel. First, we involve a linear fitting of the measured values of (log ε) i and (log j ENA ) i with i = 1, . . . , 5 corresponding to the IBEX-Hi channels #2-6. This involves finding the slope that is the spectral index γ with a negative sign and the intercept log j * . Given the value of the spectral index γ , we derive the κ-index from Equation (3) and logj * , we apply a second linear fitting according to Equation (6) that estimates the slope logT and the intercept log(C · N ).
In order to construct the sky maps of the kappa indices and temperature at the same 6
• × 6
• resolution as the flux maps, we find their values for each of the 1800 pixels. Indeed, the first fitting can give a value of the κ-index for each pixel. However, we cannot proceed directly to the second fitting because we have just one pair of values, κ − 1 2 and logj * , for each pixel. We solve this by applying the first fitting not just directly on all the five energy points, but for all the combinations of three, four, and five energy points. In this way we increase the number of the values that can be used in the second fitting, up to 16 known pairs of κ − 1 2 and logj * . The 16 pairs represent all the combinations, namely, the simple case of all 5 energy points managed together (1 pair), the combinations of 4 energy points (5 pairs), and the combinations of 3 energy points (10 pairs). The derived 16 values of the κ-index-some with smaller error (combinations of a large number of energy points), some with larger error (combinations with a small number of energy points)-represent 16 samples characterizing the same probability distribution. As we mentioned in Section 2, a precondition for having a power law describing the ENAs energy-flux spectrum was that the parent protons must be in a single stationary state and not in a superposition of various states, namely, a single value of the kappa indices must dominate. Therefore, the 16 values of the kappa index, derived using permutations of measurements in the five energy passbands described above, represent samples having the same probability distribution. In this case, the best estimation of the κ-index is the unweighted mean of all the 16 values. (For more details on the unweighted averaging, see further below in this section.)
The connection of the spectral index γ with the κ-index is critical, because it relates an observed value (γ ) with a theoretical one (κ), and further, with the relevant kappa distribution. This connection, however, requires a well-fitted linear relation (in log-log scale) between the flux and energy, and it is necessary to ensure this linearity first, before proceeding with the conversion of the spectral index γ into the κ-index. The main reason that this linearity breaks down in some distributions is the presence of the "spectral knee." Previous studies have already shown that, at higher ecliptic latitudes, IBEX ENA spectra develop a knee that breaks the log-log linearity in two regions, with a softer slope in lower energies and a hard one in higher energies (McComas et al. 2009b; Funsten et al. 2009a; Dayeh et al. 2011; Schwadron et al. 2011) . This is caused by pickup protons with much higher energies, consistent with the ∼2 times faster solar wind coming from high latitude coronal holes compared to lower latitude, slower solar wind (McComas et al. 2009b) . As a result, the single spectral slope, estimated from the five IBEX-Hi channels #2-6, appears significantly smaller than observed in spectra without knees. The sky map of spectral indices γ in Figure 1 that would be unphysical values for kappa distributions, appear for high latitudes, near the poles (Funsten et al. 2009a) .
Spectral indices indicating κ < 3 2 cannot be related to a kappa distribution and the whole method for deriving the temperature collapses. As soon as there is a well-fitted linear relation between the log of flux and the log of energy, then the estimated value of the κ-index is physically meaningful and can be used in Equation (6) for deriving the temperature. If values of the κ-index are misestimated, this error will be passed into the second linear fitting. Therefore, it is sufficient to ensure the linearity only in the second fitting process that derives the temperature, because this also ensures the linearity of the first fitting that gives the κ-index. In most cases (of the 1800 pixels), only a subset of the 16 values of the κ-index can lead to a linear second fitting, and thus, we utilize only this subset for extracting the temperature and the mean value of the κ-index.
The estimated values of the κ-index are highly correlated with the values of the 1 keV flux j * . In fact, a linear relation between log j * and κ is expected, simply from dimensionality. For any energy dimension quantity ε 0 , the flux power law in Equation (2) can be rewritten in the form j ENA (ε) ∼ = j 0 ·(ε/ε 0 ) −γ , leading again to Equation (2), with the 1 keV flux given by j * ≡ j 0 · ε γ 0 . The linearity between log j * and κ is shown in Figure 2 (a). The characteristic energy ε 0 represents the physical meaning of temperature when the linear fitting involves the values of the reflected 1 keV flux, logj * , instead of log j * . This linearity between logj * and κ is shown in Figure 2 (b), with the temperature given by the slope (in keV/k B ∼ = 11.6 MK). The temperature in the heliosphere can be high, up to a few million degrees (inner heliosheath), but is always less than 11.6 MK, and therefore, the slope logT is always negative. Note that the linearity between log j * and κ (or γ ) was discovered over four decades ago (e.g., Schreier et al. 1971; Crosby et al. 1993; Von Montigny et al. 1995) .
The linearity between the 1 keV flux, log(j * ), and the κ-index (Equation (6)), shown in Figures 2(a) and (b), holds separately for each of the sets of the 16 kappa indices of each pixel, but not for the whole set of all 1800 pixels (that is 16 × 1800 kappa indices). If we depict all the pixels together, the linearity will be lost and the values of log(j * ) will be distributed similar to the curve log[constant/f (κ)] (as shown in Figure 2 (c) for constant ∼100 cm −2 s −1 sr −1 keV −1 ), because the 1 keV flux j * is less variable than the function f (κ).
The values of the 1 keV flux, j * , are supposed to have involved the functional behavior of f (κ), so that the ratio,j * ≡ j * /f (κ), is free from the asymptotic behavior of f (κ) and follow the linearity of Equation (6). However, this is valid when the values of j * and the κ-index are estimated with sufficiently small errors, so that the linear correlation between log(j * ) and the κ-index (Equation (6) , because the values of logj * , as well as their propagated errors δ logj * , diverge to infinity.
Therefore, there is a lower limit κ min (that generally differs for each pixel), where the linearity disappears for all the kappa indices κ < κ min . We have examined systematically the 16 points plot of logj * versus κ, in order to obtain the range of κ-indices where the linearity occurs for each of the pixels. The subset of the 16 indices that are out of this linearity range (κ < κ min ) diverge from linearity and have convex behavior; these indices are excluded. Usually the lower limit of linearity appears between κ min ∼ 1.58 and κ min ∼ 1.9. In addition, there were few pixels having an upper outlier. After the exclusion of the upper and lower outliers, the remaining points in the plot of logj * versus κ are utilized to extract the temperature and the density factor from the slope and the intercept of their linear fitting, respectively, as well as the mean value of their κ-indices. Again, all these points extract high-correlation between logj * and the κ-index and are equivalently valuable in the fitting and averaging, which are therefore unweighted processes. In general, a weighted fitting/averaging process (with the weights given by inverse variance) concentrate to those elements that are characterized by the smaller errors. For example, if one of the elements has error 10 times smaller than the others, its weight would be 100 times larger, and thus, would absolutely dominate the fitting. Hence, weighting is avoided when all the elements are "good," namely, they all contribute in a well-fitting/averaging process.
Finally, ∼24.7% of the 1800 pixels had no valid points to use for the second fitting. This is because either they are close to κ ∼ 1.5 and diverge from linearity (κ < κ min ), or worse, κ < 1.5, that is they are out of the range of allowed values of the κ-index. As we can see in Figure 1 (b) these pixels are near the poles where the higher energy pick-up protons produce nonlinear spectra as discussed above; these points are not examined further in this study. The color bars in panels (b) and (c) quantify the pixels that are characterized by a good linear fit, and thus can lead to values at each pixel of the κ-index and temperature; otherwise, the pixels are depicted in black. A total of 445 black pixels are not describable by a kappa distribution as discussed in the text, and another 8 pixels contain bad data (depicted in black/dark-purple in (a)). (Note that the arrangement of the black pixels may vary for the bottom two panels, e.g., the panel of temperature has more black pixels because pixels with values of temperature less than ∼10 4 K appear as black.)
RESULTS: SKY MAPS OF TEMPERATURE AND KAPPA INDEX
The two fitting processes enable estimation of the kappa index κ(Ω) (from the slope of the first fitting), the temperaturē T (Ω) (from the slope of the second fitting), and the density factor N (Ω) ≡n ion (Ω) ·n H (Ω) · Δr eff (Ω) (from the intercept of the second fitting), for each direction Ω in the sky. The sky maps of the κ-index and the mean temperature, calculated using Equations (3) and (6), are shown in Figures 3(b) and (c), respectively, while the mean fluxJ is also given in Figure 3 (a) for reference. This is averaged over the IBEX High energy range (channels #2-6), and approximated by the trapezoidal rule as
with propagated error
with ε 1 ≡ ε 2 and ε 7 ≡ ε 6 . (Throughout the paper we will avoid the indication of the mean-value bars for simplicity.) It is interesting that the Ribbon appears as five localized knots. The fifth knot is located in a small time-exposure area (see Figure 1(c) ) and it is less certain than the other four knots. McComas et al. (2009b, p. 962) suggested the possibility of a non-continuous Ribbon specified by a "string of more localized, overlapping knots of emission." Indeed, the string of at least five knots appears in the panels of Figure 3 . Especially in the panel of the temperature (Figure 3(c) ), the string of knots is clearly visible and can be easily distinguished from the globally distributed ENAs. The sky maps of the κ-index and temperature have large values both in the Ribbon region, and out of it, in areas lying near the tail and flanks. Therefore, the Ribbon is not the only unique part of the sky maps of the κ-index and temperature, as it indeed was in the sky map of the flux (Figure 3(a) ). (As we will see in Section 6, in the pressure sky map, the Ribbon is uniquely visible with all the other features being unremarkable.) The Ribbon's knots are clearly unique from the rest of the continuous Ribbon string, having similar values of the κ-index and temperature.
In order to calculate the best values of the κ-index and temperature for a particular location (a pixel) in the sky maps (such as a knot, Voyager 1 and 2, the heliospheric nose and tail, etc.), we examine the statistical convergence of a sufficiently large number of its neighboring pixels. This involves increasing the angular area around the pixel of interest to a size needed for the estimated quantity (e.g., the κ-index, the temperature) to be asymptotically constant. The total flux of the combined block of pixels (defined as a megapixel of total number of pixels M) is given by the mean of their partial fluxes, weighted by the relevant time exposure τ , (10) with propagated error,
where m refers to an individual pixel within the megapixel. The megapixel fluxJ depends on the energy channel i = 1, . . . , 5 and the megapixel size M. Therefore, the accuracy of the extracted κ-index and temperature T are also dependent on M. Their value is expected to be stabilized as the total number of the pixels M increases, unless new structures begin to encroach into the examined megapixel. The separation of the whole sky into 1800 equal pixels with each one occupying a 6
• area (in latitude × longitude) concerns the projection of the celestial sphere into the rectangular region of total area 180
• × 360
• . Even though each of the pixels of an IBEX sky map has the same 6
• × 6 • extent, it covers different solid angle a 0 on the actual spherical surface, which depends on the latitude
(where θ represents the pixel latitude measured at the center of the pixel). The statistical convergence is shown by adding 6
• pixels around the examined pixel in the following specific way: (1) the pixels are added into the megapixel in "bunches" around the examined pixel so that the highest possible symmetry is preserved and the examined pixel always lies at the center of the megapixel and (2) the pixels of each bunch have the smallest possible distance from the examined pixel. In this way, we derive a series of megapixels up to the largest megapixel that consists of a maximum of 49 pixels (including the examined pixel), as shown in Figure 4 (c). The first bunch is trivial, representing just the examined pixel. We start with the examined pixel alone and sequentially add 9 pixel bunches: 4, 4, 4, 8, 4, 4, 4, 8, 8 , and 4 pixels (Figure 4(b) ). The construction of the megapixels by adding pixel bunches is presented in Figure 4 (a), where each of the 10 bunches is depicted with different color, according to the color bar in Figure 4 (b). The 10 spatial configurations of Figure 4 (c) constitute the most symmetric way of increasing the covered area of the megapixel that surrounds the examined pixel, since we are restricted to using pixels with the same unit area (6 • × 6 • ). The 10 spatial configurations of Figure 4 (c) represent an arrangement of 10 different megapixels of increasing area. The combined flux of each of these megapixels leads to the relevant estimations of the κ-index and temperature, and the statistical convergence is shown via these 10 megapixels. However, instead of the number of the included pixels, i.e., 1, 5, . . . , 49, (as shown in Figure 4 (c)), each of the 10 megapixels is indicated in terms of the equivalent radius . This is the radius of a circle upon the celestial sphere that has the same area as that covered by each of the 10 megapixels, and it is given by where m refers to the pixels within each megapixel up to the total number M of pixels in the megapixel. Hence, the equivalent radius depends on the specific latitude of the examined point, θ 1 , and the total number of joint pixels M in the megapixel, i.e., = (M; θ 1 ). Ideally, the convergence would be established at the point where the estimated values are asymptotically constant, that is, ∂κ/∂ ≈ 0, ∂T /∂ ≈ 0. However, we do not have the estimations for any value of the radius , and thus, the constancy has to be determined by comparing nearby values. Figure 5 demonstrates the convergence for both the temperature (left panels) and the κ-index (right panels), and for the directions of Voyager 1, 2, the heliospheric nose, and tail, by depicting all the values in terms of the equivalent radius . For small values of the radius , the values of the κ-index and temperature are more variable, than for larger radius inside the shaded region. For larger values of , new structures with different κ-index or temperature may enter the megapixel and a divergence from constancy appears again. In Figure 5 , the convergence is shown in the shaded region which is roughly defined by the less variable subsequence of values of the κ-index and temperature. Finally, the statistical convergence leads to the estimated values of Table 1 .
The number of pixels added in the configurations is always either 4 or 8 (Figure 4(b) ). Within this process we are able to observe the convergence as a function of the radius , and thus, to detect where the convergence starts because the κ-index and temperature are less variable and where it ends because of other features entering the configurations. Finally, the relevant values are taken in the middle of this quasi-stability interval. We stress that at the start, the added pixels constitute a larger relative portion than later on, and thus, large megapixels have closer values of the radius . The attained statistical convergence might be thought an artifact, in the case where the megapixels were represented by their sequential number 1, . . . , 10, instead of their covered area, or the equivalent radius . It is important to note that the structure detected by the method of statistical convergence is not necessarily the most elementary one. Some data sets could reveal finer structures. For instance, Figure 5 shows that for the megapixels centered on the location of Voyager 1, the quasi-stability interval starts and ends around • , respectively, while their mid-point (megapixel containing 29 pixels) corresponds to ∼ = 16.6
• (Table 1) . However, another smaller quasi-stability interval might be identified between ∼ = 7 • and ∼ = 11
• , but a higher spatial resolution data set is necessary in order to ensure if a finer structure (with slightly lower temperature and higher kappa index) lies within this smaller interval.
We also estimate the maximum values of the κ-index and temperature that characterize the five knots of the Ribbon (see Figure 3 (c)), by again utilizing the method of megapixels as shown in Figure 4(a) . In this case, we are not interested in the statistical convergence as in the prior analysis (applied for Table 1 ), but instead, we want to quantify the change of the temperature and the κ-index as one moves away from the center of a knot. For this reason, the calculation of the combined flux in Equation (10) takes into account each of the bunches separately, instead of summing the bunches into the whole configurations of Figure 4 (c). Figures 6(a) and (b) show a decrease in both the temperature and κ-index, respectively, as the equivalent radius increases. The relation of the radius with the number of pixels M, = (M; θ 1 ), for each of the configurations, is shown in Figure 6 (c). The knots 2 and 4 have centers with the opposite Notes. Each direction is given in terms of a 6 • × 6 • pixel. The value of the convergence radius stands for the mid-point of each region of convergence (brown-shaded in Figure 5 ). The number of pixels M in each megapixel is also indicated. latitudes (same values but with different signs). Equation (13) shows that these knots will share the same relation. The same holds for the knots 3 and 5, while this pair of knots has slightly larger latitude than the previous pair, and thus, the relations of the two pairs are barely separated in Figure 6 (c), where the relation = (M; θ 1 ) is shown. Figure 7 demonstrates the drop of both the temperature (left column) and the κ-index (right column), and for each of the five knots, by depicting all the values in terms of the equivalent radius . The best fit of a Gaussian deviation from the center is also shown for all panels. The estimated maximum values of the temperature and the κ-index are taken by the fitted Gaussian for = 0. The relevant error is taken from the first point (M = 1) that is the error corresponding to the examined pixel. All the estimated values are given in Table 2 . The averages (weighted by the inverse of variance) of the values of temperature and the κ-index for all of the five knots are also given.
THERMODYNAMICAL CHARACTERIZATION OF THE RIBBON
The two fitting processes (Section 3) estimated the average values of the kappa index, κ(Ω), the temperature, T (Ω), and the density factor, N(Ω). This triplet is given for each direction Ω in the sky, i.e., for each of the 1800 6
• pixels of the sky map. Notes. The second column refers to the latitude-longitude coordinates of the 6 • × 6 • pixel at the center of each of the five knots (shown in Figure 3 (c)).
The estimated maximum values of the temperature and the κ-index are taken by the fitted Gaussian for = 0.
It is interesting to investigate how these triplets are distributed in the 3D space of the Cartesian axes (κ, N, T ), as well as in the projected planes such as the (N, T ) and (κ, T ). (
Hereafter the temperature is given in units of MK and the density factor in units of cm −6 AU unless indicated otherwise.) In order to examine the differences between the Ribbon and the globally distributed ENA fluxes, we make a rough Ribbon separation that is based simply on the average flux depicted in Figure 3 (a). This separation is shown in Figure 8(a) , where the Ribbon is depicted in red to distinguish it from the remainder of the global map. The globally distributed ENA flux, defined as any pixels that are not part of the Ribbon, is separated into four domains. The first two are the "near-equator" region, for latitudes −48
• (i.e., 8 pixels above and 8 pixels below the equator, depicted in green) and the "near-polar" region for latitudes −90
• and 48
• < θ 90
• (depicted in blue). Both of these two regions have large ENA flux uncertainties for longitudes 114
• ϕ 180
• . For this reason, this range of longitudes is separated into its own domain, the "high-uncertainty" region (depicted in light gray). The fourth and smallest region is the one around the heliospheric nose (depicted in yellow). This is a small quasi-rectangular 30
• × 30
• megapixel (21 pixels) with different average flux than the Ribbon and the near-equator region. Finally, as in the previous maps, there are 445 black pixels (∼24.7% of all the 1800 pixels) indicate pixels that did not produce good linear fits, and thus we do not have values for the κ-index and temperature. Note that there are another 8 pixels of bad data (depicted in black/darkpurple in Figure 3(a) ), or ∼0.5% of all the pixels, which yield no valid result for the κ-index or temperature. Therefore, the wellfitted values refer to 1347 pixels (∼74.8% of all the pixels).
Figure 8(b) shows the distribution of the 1347 well-fitted pixels in the diagram (κ, log T ). A good correlation is apparent. In fact, we can separate the points in two groups according to the correlation; the 1D and 2D groups that span a one-dimensional (1D) subspace (observed as a thick curve in the (N, T) projected (a) Separation of the sky map into the regions of the Ribbon (red) and the globally distributed ENA flux that constitutes the following four regions: "near-equator" (green), "near-polar" (blue), "high-uncertainty" (light gray), and heliospheric nose (yellow) (the location of the nose is indicated). The (κ, N, T ) diagrams (panels (b)-(f)) show the specific locus of the Ribbon and the near-equator/near-polar regions. Panels (b)-(f) focus on the distribution of the Ribbon, near-equator, and near-polar regions, while the nose and the high-uncertainty regions are not depicted. There are 445 pixels that are not describable by a kappa distribution, and depicted in black. The well-fitted pixels are distributed in the planar diagram (κ, log T ) (b), the 3D diagram (κ, N, T ) (c), (d), and in the planar diagrams (N, T ) (e), and (log N, log T ) (f). An apparent separation of the near-equator, the near-polar, and the Ribbon regions is observed. κ-indices distributed from κ ∼ 1.5 to κ ∼ 2.5 with a mode at κ ∼ 1.7
Near-Polar, Near-Equator, Nose, High-Uncertainty, Covers: 983 pixels; ∼54.6% of all the pixels; ∼60.4% of the celestial sphere Notes. The temperature units are MK and the density factor units are cm −6 AU. The region of high uncertainty is included in the global distributed flux region, but we do not include it in the table, since it does not constitute a naturally separated region. The Ribbon (mostly included in the 2D group, as is shown in Figure 9 (a)), covers 372 pixels, i.e., the sum of 364 well-fitted pixels, and 8 pixels of bad data, which, however, are given to the Ribbon as the flux diagram shows in Figure 3(a) .
plane, for large N values) and a two-dimensional (2D) subspace (dispersed in the (κ, T) projected plane, for small N values), respectively. The 1D group represents smaller values of temperature, less than T ∼ 600,000 K. For this group, the κ − log T relation is almost linear, with the Pearson coefficient up to R ∼ 80%. On the other hand, for larger values of the temperature, the relation seems to be less well correlated. This is the 2D group, for which the temperature becomes less variable as the κ-index increases, with the Pearson coefficient R ∼ 15%, or less, depending on the temperature used to separate the two groups. (Some characteristics of the groups and other sky-map regions are shown in Table 3.) For the 2D group, the values of the κ-index and temperature are uncorrelated, and the two parameters vary as independent quantities. This behavior is expected since both of these quantities are independent controlling parameters for systems described by kappa-distributions, such as space plasmas. (Their influence on the distribution is described in detail in Livadiotis & McComas 2010a .) The kappa distribution has the same role as the Maxwellian distribution but in the framework of a generalized kinetic theory that is applied for systems out of equilibrium (Livadiotis & McComas 2009 ). The phase space is characterized not only by the particle density n and the temperature T, but also by the κ-index that governs the kappa distributions. It is possible, however, that certain physical procedures may exist, where the density n, the temperature T, and the κ-index are involved in a law, which generalizes the polytropic law of n ∝ T ν with polytropic index ν. Indeed, the 1D group (low temperature) seems to be characterized by such a law.
Figures 8 (c) and (d) show the distributions in the 3D diagram (κ, N, T ). It is clear that the 2D group (high temperature) is generally projected onto a plane of (κ, T ) within only a narrow range of small density factor values, i.e., N 0.04. On the other hand, the 1D group resides on the projected plane of (N, T ), in a narrow range of the kappa indices around κ ∼ 1.7.
It is fascinating that the near-equator pixels (green) mostly fill the area of low correlation (2D group), while the near-polar pixels (blue) mostly fill the area of the high correlation (1D group). In addition, Figures 8(e) and (f) show the distribution of the well-fitted pixels, in the diagram (N, T ) and (log N, log T ), respectively, where the Ribbon (red) is clearly separated from the non-Ribbon pixels.
The diagram (log N, log T ) (shown in Figures 8(f) and 9(a)) is suitable for separating the near-equator, the near-polar, and the Ribbon regions. In Figure 9 (b), we depict the probability density of the values of log N . We observe that the value N ∼ = 0.04 can be considered as the separating plane between the near-equator and the near-polar regions. The Ribbon is also clearly separated from both of these regions, since it lies above both the nearequator (N 0.04) and the near-polar (N > 0.04) regions, with its majority lying in the near-equator region. Therefore, we find two different layers, the one above, corresponding to the Ribbon, and the one below, corresponding to the globally distributed ENAs. (All the regions out of the Ribbon, that is, the near-equator, the near-polar, the high-uncertainty, and the nose regions, constitute the globally distributed ENAs.) The straight black lines in Figure 9 (a) represent the best linear fitting between the values (log N, log T ) that has been derived separately for the Ribbon, the near-equator, and the near-polar regions, having the slopes −0.68, −0.60, and −0.85, respectively. Moreover, note that the nose region is distributed mainly for N 0.04 and along the boundary of the two layers of the Ribbon and the near-equator.
We next extract the geometric locus of the boundary curve that separates the two layer configurations of the Ribbon and of the globally distributed ENAs. This is managed by minimizing the sum of the pixels that belong to the Ribbon but they are below the separating curve, with the pixels that do not belong to the Ribbon (those that belong to the globally distributed flux) but they are above the separating curve. The optimization leads to the following boundary curve of temperature T B (N) expressed in terms of the density factor, where the subscript "B" stands for the boundary (between the two layers); the temperature is in units of K, and the density factor is in units of cm −6 AU. The physical meaning of Equation (14) is that it provides a "dynamical separator" of the Ribbon from the globally distributed ENAs. In other words, the Ribbon's population is differentiated from the global distributed population. The Ribbon has higher temperatures (for specific densities) or higher densities (for specific temperatures). Therefore, the Ribbon has its own location in the density-temperature diagram. (With "density-temperature" we mean the density factor N versus temperature, and not exactly the proton density. The Ribbon separation takes into account the density factor N, but the same could be achieved using the proton density. The proton density cannot be derived from the analysis of the IBEX-Hi ENA spectra, but can be extracted by the modeling of Section 6.) Figure 10 demonstrates how the Ribbon can be extracted from the filter of the "thermodynamical separator" (Equation (14)). Specifically, Figure 10 Figure 10 are virtually identical. A small difference can be observed in the low-exposure longitudes, i.e., for 340
• -360
• (see Figure 1(d) ). It is also interesting that the Ribbon does not extend to either the Voyager spacecraft locations or the nose. Based on the thermodynamical filter (Equation (14)), we can calculate the percentage of the area on the celestial sphere that is covered by the Ribbon. This is not given simply by the ratio of the sum of the Ribbon's pixels, over all the 1800 sky map pixels, because pixels at different latitudes have different solid angles a 0 (Equation (12)) in the celestial sphere. On the contrary, the fraction of the sky covered by the Ribbon is derived by the ratio of the sum of the solid angles a 0 subtended by each pixel within the Ribbon over 4π sr. Similarly, the fraction of the sky of the globally distributed ENAs is likewise calculated. In addition, we count the complementary percentage of those areas that are not well fitted, and thus cannot be characterized by kappa distributions. These percentages are all shown in Table 3 and Figure 11 .
For temperatures below T ∼ 600,000 K (1D group), the majority of the κ-indices are restricted to a very narrow interval of values around κ ∼ 1.7. For this reason, the probability density of the κ-indices, p(κ), of the globally distributed ENAs has its mode at κ ∼ 1.7, as shown in Figure 12(a) . However, in the case of the Ribbon, it seems that there is not any preferable value of the κ-index, and their probability density is closer to an equidistribution, at least for the interval from κ ∼ 1.6 to κ ∼ 2.2, as shown in Figure 12(c) . As shown in Figure 9 (a), the majority of the Ribbon's pixels are located below N ∼ 0.04, or, above T ∼ 600,000 K (1D group). For these temperatures the κ-index becomes poorly correlated with the temperature and expands throughout the range from κ ∼ 1.5 to κ ∼ 2.5 (see Figures 8(b)-(d) ). Therefore, there is an absence of any preference for a single value of the κ-index, and thus the probability density of the κ-indices appears flatter than that of the globally distributed ENAs.
Finally, the probability density of temperatures, p(T ), appear to have no significant differences between the Ribbon (Figure 12(b) ) and the globally distributed ENAs (Figure 12(d) ). The reason for this is that both the temperature probability Figure 11 . Percentages of the celestial sphere covered by the Ribbon (red), the globally distributed ENAs (green), and those areas that are non-describable by kappa distributions (black).
densities include the 2D group (below N ∼ 0.04 or above T ∼ 600,000 K; see Figure 9 (a) and Table 3 ), while the 1D group (above N ∼ 0.04 or below T ∼ 600,000 K) is mostly included in the probability density of the globally distributed ENAs. In addition, Figures 8(b) - (d) show that there is no preferable value of the temperature in the 1D group, while there is for the 2D group that is around T ∼ 1,000,000 K. Therefore, it is reasonable that both the temperature probability densities have a mode at this temperature (Figures 12(b) and (d)). As Schwadron et al. (2011) found, emissions from the Ribbon region almost certainly comprise a superposition of both globally distributed flux and a separate Ribbon source. It seems that while the Ribbon region has both sorts of emissions, the Ribbon source dominates. The common mode at T ∼ 1,000,000 K of both the temperature probability densities may characterize the globally distributed flux which is present in both regions, while the small increase in the Ribbon probability density at T ∼ 600,000 K (logT ∼ 5.8) may be a characteristic purely of the Ribbon source.
SKY MAPS OF DENSITY, THERMAL PRESSURE, AND INNER HELIOSHEATH THICKNESS
The Maxwellian cores and the suprathermal tails can be uniquely described by the kappa distribution. This serves the role of the classical Maxwellian distribution, but in the generalized framework of non-extensive Statistical Mechanics and Kinetic Theory. In this generalized treatment, not only the core, but also the whole distribution, in the core and tail, contribute in the thermal properties of particles. Hence, the statistical pressure is properly called thermal for any part of the spectrum, either in the core or the tail. Given the average densityn ion (Ω) and temperatureT of the parent ions, we can estimate the thermal pressure by
Following Equation (15), the average neutral hydrogen densitȳ n H (Ω) and the effective thickness Δr eff (Ω) of the emission region are required to isolate the desired average proton densitȳ n ion (Ω) from the known value of their product N (Ω) ≡ n ion (Ω) ·n H (Ω) · Δr eff (Ω). We introduce the power law relation,
The normalization constant, α, can be determined from the densities and the effective thickness in a certain given direction, i.e., around the nose, α = Δr eff (Ω N ) ·n H (Ω N )/n ion (Ω N ). (Note that the area around the nose has generally small κ-indices, Figure 12 . Probability distribution densities of the kappa index (left) and temperature (right) depicted for the Ribbon (red) and the globally distribution ENAs (green).
so that the integration in Equation (4) is rather governed by the maximum density near the heliopause, than the maximum temperature near the termination shock.) Then for directions around the nose and near the heliopause, the average densities aren H (Ω N ) ∼ = 0.15 ± 0.03 cm −3 andn ion (Ω N ) ∼ = 0.10 ± 0.01 cm −3 , while the thickness is about Δr eff (Ω N ) ∼ = 50 ± 5 AU (e.g., cf. Chalov et al. 2004 ). Hence, we estimate α ∼ = 75 ± 18 AU that givesn
and (from Equation (15))
For an arbitrary value of the coupling exponent b, Equation (16) becomes
and Equations (17) and (18) are rewritten as
The (non-thermal) mechanical pressure exerted by the LISM and calculated by Schwadron et al. (2009) exhibits high correlation with the relevant ENA flux panels (McComas et al. 2009b ; cf. Figure 3 in Schwadron et al. 2009 ). Indeed, we find that the calculated thermal pressure (Equation (21)) according to the model (Equation (19)) is very well correlated with the average ENA flux given in Figure 3(a) . In fact, the (Pearson) correlation coefficient R depends on the coupling exponent b, as shown in Figure 13(a) , reaching a maximum value R ∼ = 86.1% for b = 0.50 ± 0.01 (deviation of the coupling exponent of about δb ∼ 0.01 gives percentage deviation of the correlation coefficient δR/R ∼ 0.1%). The correlation coefficient is estimated for the whole sky (blue solid line), only the Ribbon (red dashed line) and, the global distribution (green dashed line). Panels (b)-(l) in Figure 13 show the smoothed sky maps of the thermal pressure calculated for different values of the coupling exponent b, that is, 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 1, 2, and 4, respectively. (The smoothing process calculates the unweighted mean of the valid pressure values of a given pixel and its surrounding eight pixels; if the given pixel has no value for pressure (which arises either when we have no flux data or when there is not a good linear fitting to characterize the κ-indices and temparature) or if more than four of its surrounding pixels have no value for pressure, then we do not provide a smoothed pressure value (black pixels in Figure 13 ).) We observe that for coupling exponents smaller than b ∼ 0.4 there is no clear trace of the Ribbon, and for exponents larger than b ∼ 1 the Ribbon knots shrink, while certain other parts of the sky appear as much bright as the Ribbon. The yellow-shaded window in panel (a) shows the whole region of the peak of the correlation that is roughly between b ∼ 0.4 or b ∼ 1, where the Ribbon is uniquely bright and the knots exist but do not dominate the Ribbon.
The sky map of the density of protons is shown in Figure 14 for coupling exponents b = 0.5 (a) and b = 1 (b). The density is larger in the nose and decreases toward tail. Density values larger than ∼0.2 cm −3 are observed near the polar region. The angular distribution of the proton density is depicted for the 60 6
• pixels along the heliospheric longitude on the elliptic plane, and for coupling exponents b = 0.5 (c) and b = 1 (d). We observe that the density decreases from ∼0.05 to 0.2 cm around the nose to ∼0.01 cm −3 around the tail. These density values are comparable with model predictions (e.g., see Lipatov et al. 1998; Müller et al. 2000; Wood et al. 2000) .
It is interesting that the highest correlation between the estimated thermal pressure and the mean flux is obtained exactly for b = 0.5. Then, Equation (19) can be written as
We note that if the protons and hydrogen atoms are flowing (independently) with constant density of streamlines, then
which explains directly the high correlation of Equation (22). The product of the hydrogen density with the efficient thicknessn H (Ω) · Δr eff (Ω) is extracted from Equations (19) and (20), and expressed in terms of the known density factor N (Ω),
Then, the thickness is approximated for the cases of (1) constant hydrogen densityn H (Ω) ∼ = 0.15 cm −3 ,
and (2) constant density of streamlines, i.e.,n H (Ω) ∼ 1/Δr eff (Ω) 2 , For b = 0.5, Equations (25a) and (25b) become, respectively,
and
The density factor has larger values in the nose than in the tail as shown in Figure 15 (a). Given Equations (24) and (26a), the same behavior is expected for the product of the hydrogen density with the efficient thicknessn H (Ω)·Δr eff (Ω), depicted in Figure 15 (b), and apparently, for the thickness Δr eff (Ω) considering constant hydrogen density. However, this behavior is abnormal for the thickness that is expected to increase toward the tail. In the case of constant density of streamlines, i.e.,n H (Ω) ∼ 1/Δr eff (Ω) 2 , the thickness Δr eff (Ω), depicted in Figure 15 (c), has smaller values around the nose and larger around the tail. In addition, Figure 16 shows the angular distribution of the effective thickness Δr eff (Ω) along the heliospheric longitude ϕ on the elliptic plane and for both the thickness derivations of Equations (26a) and (26b). While the thickness decreases from the nose toward the tail considering constant hydrogen density is the moving average of three pixels from both sides of the centered pixel (total smoothing width is 7 pixels). The density decreases from ∼0.05 to 0.2 cm −3 around the nose ("N") to ∼0.01 cm −3 around the tail ("T"). This behavior is roughly the same for the coupling exponents b = 0.5 (c) and b = 1 (d). The peak that appears between ∼160 • and ∼180 • (indicated by "U") belongs to the high-uncertainty region (see Figure 8 (a) and the low exposure times shown in Figure 1(d) ). (Equation (26a)), the reverse behavior appears considering constant density of streamlines, namely, the thickness increases toward the tail.
It is evident then that Figure 15 (c) gives the sky map of the effective thickness of the radial integration that approximates the thickness of the inner heliosheath. In Table 4 this effective thickness is given for the Voyagers' locations. The thickness, as well as the density and thermal pressure are dependent on the normalizations taken for the location of the nose, i.e., the thickness at the nose is considered ∼50 AU. The estimations of Table 4 are given for various values of the thickness at the nose around ∼50 AU. In any case, however, the location of Voyager 2 is characterized by larger thickness than that of the location of Voyager 1, with their difference being around ∼20 AU considering small values of thickness around the nose. Notes. The thickness Δr eff of the Voyagers' locations and their difference are given in AU. These are dependent on the thickness around the nose, while their ratio is ∼1.62 ± 0.29, independently of the thickness or the densities at the nose. Note that these estimations stand for one pixel data, i.e., the pixels including the Voyagers' directions. In any case, the Voyager 2 location is characterized by larger thickness than that of the Voyager 1 location, with their difference being around ∼20 AU for small thickness around the nose.
Their ratio is independent of the thickness or the densities at the nose, i.e., Δr eff (V 2)/Δr eff (V 1) ∼ = 1.62 ± 0.29.
DISCUSSION
This paper presented the first sky map of temperature of the solar wind protons in the outer heliosphere, by analyzing the ENA spectra from the combined Map 1 and 2 of the IBEX sky maps. Each temperature represents the average of the integrated ENA flux along the line-of-sight column for a certain direction Ω in the sky. The sky maps of the kappa indices that describe the stationary state of the protons, and of the thermal pressure that show the discrete structure of the Ribbon, were also obtained.
Two levels of statistical fitting have been applied in order to extract the temperature values. In particular, estimates of the kappa index, κ(Ω), were derived from the slope of the first fitting, while the temperature, T (Ω), and the density factor, N (Ω), were derived respectively from the slope and the intercept of the second fitting (for each direction Ω). A method of statistical convergence was exploited in order to extract with high accuracy the values of the kappa indices and temperatures in specific sky directions, such as the heliospheric nose and tail and Voyager 1 and 2.
The material sunward the termination shock and in the inner heliosheath is a combination of solar wind (incorporated with pick-up ions) and (unincorporated) pick-up ions. The incorporated solar wind ions are described by kappa distributions, which are the generalization of the Maxwellian distribution for stationary states out of thermal equilibrium, and they are connected with a concrete non-equilibrium definition of temperature. In this paper, we have shown how the formulation of kappa distributions can be exploited in order to estimate the values of crucial parameters of the parent ions that are involved with kappa distributions, such as the kappa index, the temperature, and the densities.
New pick-up ions are not described by a kappa distribution, but share a highly organized velocity distribution that spans the velocity range from zero to about twice the solar wind velocity, as it can be predicted for a cycloidal motion of ions. There is a connection between this distribution of pick-up ions and the kappa distribution of the solar wind ions: new-born pick-up ions start with a ring distribution that is quickly transformed into a distribution on a hemispherical or spherical shell by pitch-angle scattering (Holzer & Axford 1970) . While co-moving with the solar wind, pickup ions undergo adiabatic cooling that reduces the radius of the shell (Zilbersher & Gedalin 1997) , so that they move from the shell distribution and merge with the original solar wind ions into a new kappa distribution that characterizes the incorporated solar wind, while other new-born pick-up ions are mixed again with the incorporated solar wind.
The methodology used here cannot be applied to the new, unincorporated pick-up protons, because they are not described by kappa distributions. Indeed, the pick-up protons, having much more contribution to the higher energies than the solar wind protons, affect the power law of the flux versus energy spectra, so that the linearity breaks with the presence of a "spectral knee" around the mid-energies of the IBEX-Hi energy range of channels #2-6 (0.71-4.29 keV). The presented methodology does succeed in detecting and describing only the (incorporated) solar wind protons (i.e., the kappa-describable protons) for each direction Ω, while the portion of the (unincorporated) pick-up proton component remains indescribable. The proton plasma in certain viewing directions, especially near the poles (polar region), cannot be characterized using kappa distributions. For these cases, the abundance of the newer pick-up protons dominates the solar wind protons, so that the kappa distribution is overlapped by the pick-up proton non-kappa distribution. Therefore, we clarify that characterizing the parent protons with their kappa index, temperature, thermal pressure, etc, we refer to the incorporated solar wind protons.
We stress that a more accurate analysis might be realized by utilizing one more parameter in the fitting processes, that is the bulk energy ε b (see Equation (A3)). This correction can be more important in the case where the pick-up ions are indeed the reason of having certain sky directions not described by kappa distributions. Moreover, these directions may be related to secondary ENAs produced in the outer heliosphere (cf. Introduction in McComas et al. 2010) . It would be interesting to examine whether secondary ENAs can have statistical characteristics similar to the primary ones (produced by charge-exchange mechanism in the inner heliosheath). In this case, the two populations would be undistinguished by the presented analysis.
The parent protons found to have temperature values that are distributed mostly around T ∼ 1,000,000 K. The temperature reaches the maximum value of T ∼ 2,000,000 K, while temperatures less than T ∼ 500,000 K appear quite rarely, especially in the Ribbon. This strongly suggests that most ENAs originate in the inner heliosheath, where the protons have temperatures in the order of T ∼ 10 6 K, as various models have already predicted (i.e., see Heerikhuisen et al. 2008 ; cf. Figure 1 in Richardson & Stone 2009 ). (Note that whereas the results indicate that the majority of the ENAs are generated inside the inner heliosheath, our calculations were performed without any restriction in the lineof-sight integration, being over the whole outer heliosphere.)
An overview of Voyager 2 data near the termination shock shows that the daily averages of solar wind proton temperature increases to near 100,000 K (Richardson et al. 2008) . However, this is not inconsistent with our results, because both of the Voyagers missed the Ribbon and are located in directions with significantly lower temperatures than the Ribbon's most frequent temperature of T ∼ 10 6 K (as shown in Figures 3(c) and 12(d)). In fact, the procedure of statistical convergence applied to the specific direction of Voyager 2 (Figure 5 ), produced a temperature T ∼ 75,000 K (Table 1) , that is in good agreement with the one recorded by Voyager 2. Therefore, the observations of Voyager 2 and our derived temperature profile in the inner heliosheath are not in any conflict, because of the temperature's large variation over various directions, T (Ω). Our results agree with the temperature of T ∼ 10 5 K, as observed by Voyager 2, but also show that such a low temperature is rather rare in the inner heliosheath. The higher, most frequent temperature T ∼ 10 6 K, suggests that in the most of the sky directions, the termination shock is stronger than revealed by the Voyagers' observations, more similar to the strong shocks of the magnetosheaths of the outer planets, and with much more flow energy transferred to the solar wind ions.
Furthermore, we did not find a tremendous difference in the temperature distributions of the Ribbon and the globally distributed ENAs. There are few less significant differences, e.g., there are more values of temperature around T ∼ 100,000 K for the globally distributed ENAs, while there are more values around T ∼ 700,000 K for the Ribbon. The universal temperature profile (Figures 12(b) and (d) ) means that the temperature of parent protons is a less important factor in the construction of the Ribbon ENAs.
In contrast to the distributions of temperatures, the distributions of the kappa indices reveal more significant differences between the Ribbon and the global distribution of ENAs. The former shows a nearly equidistribution of the kappa indices, without any dominant or strongly preferable value. On the other hand, the global distribution shows that there is a mode of the kappa indices distribution, with the most frequent value being around κ ∼ 1.7. This appears to be a rather universal behavior, while the Ribbon's ENAs have no preferable value of kappa indices.
It is remarkable that both the distributions of kappa indices are included in the small interval of values 1.5 < κ < 2.5. This result was predicted by the analysis of Livadiotis & McComas (2010a) , where the phenomenological transitions of space plasmas out of equilibrium were studied via changes on entropy. The Tsallis entropic formulation was utilized for the kappa distribution (Equation (A1)) as described in Livadiotis & McComas (2009) , while a specific connection of the variance of the distribution with the temperature, changes the entropic behavior as depending on kappa index in principle. The special interval of kappa indices from κ ∼ 1.5 to κ ∼ 2.5, called the "far-equilibrium" region, is found to be present in many space plasmas including solar wind cf. Table 1 in Livadiotis & McComas (2010a) . Spontaneous processes that can increase entropy, driving the system away from the far-equilibrium region and toward thermal equilibrium, i.e., near κ → ∞. On the other hand, physical processes that act to decrease the entropy of the system drive it back into the far-equilibrium region of stationary states, where the entropy is minimized and forms a "cavity." In the case of solar wind, newly formed pick-up ions can play just such a critical role because their motion is highly organized, resulting in distributions in the inner heliosheath that are characterized by stationary states with kappa indices in the far-equilibrium region (see also Livadiotis & McComas 2010c) .
The Ribbon appears to be a string of at least five localized knots of enhanced ENA flux. The temperature and the kappa index fall according to a Gaussian deviation as one moves away from the center of each knot. The maximum values of the temperature and kappa index that characterize each knot were estimated via the fitting of the Gaussian deviation ( Table 2) . The mean temperature and kappa index of the knots were found to be around T ∼ 1,800,000 K and κ ∼ 2.2, respectively. In addition, we estimated the thermal pressure in each direction, and its sky map reveals more clearly the existence of these knots.
When all the sky directions Ω were mapped into the same 3D diagram of (κ, N, T ), two groups were revealed; the 1D and 2D groups that span a one-dimensional subspace (observed as a thick curve in the (N, T ) projected plane, for large N values) and a two-dimensional subspace (dispersed in the (κ, T ) projected plane, for small N values), respectively. In the 1D group (low temperature or high density), the values of the kappa index and temperature were well correlated (R ∼ 80%), while in the 2D group (high temperature or low density), they were almost uncorrelated (R ∼ 15%). From a Statistical Mechanics point of view, there is no physical basis for a correlation between these parameters. The κ-index, density, and temperature are intrinsically independent parameters in space plasmas described by kappa-distributions. In addition, we found that the 1D group includes the near-polar region (mostly), and a small part of the Ribbon. Also, most of the cases that cannot be well described by kappa distributions are located at high latitudes. McComas et al. (2003) studied the latitudinal variation of the solar wind speed; the SWOOPS instrument aboard Ulysses measured solar wind speed as a function of latitude, revealing the bimodal structure of fast wind at high-latitudes from polar coronal holes and of slow wind from the low-latitudes streamer belt around solar cycle minimum.
The high-latitude fast solar wind is correlated with the areas that are non-describable by kappa distributions, as well as with the near-polar region (that dominates the 1D group). It is possible, after all, that the 1D group includes high uncertainties and therefore questionable reliability, and the highly correlated (κ − T ) values represent a statistical artifact. But it is also possible that physical processes have acted on the plasma, so that the proton density, temperature, and κ-index to be correlated in a generalized polytropic law.
The projection of the sky map onto the plane (N, T ) illustrated a well-defined mapping of the Ribbon region, distinguished from that of the global distribution of ENAs. Based on this thermodynamical separation, we calculated the fractional area of the celestial sphere that is covered by the Ribbon to be 26.1%. The fractional area covered by the globally distributed ENAs is 60.4%, while the area that cannot be characterized by kappa distributions is 13.5%.
Hydrogen atoms are loosely coupled to protons, and their densities, n H (r, Ω) and n ion (r, Ω), cannot be correlated either locally or for small scales such as of the order of the inner heliosheath thickness (at the nose), i.e., ∼50 AU. However, the radial densities are well correlated in larger scales, e.g., both protons and hydrogen atoms divert in the bulk flow direction toward the tail and obtain similar angular distribution (e.g., see Lipatov et al. 1998; Müller et al. 2000; Wood et al. 2000) , and therefore, the radial average densitiesn ion (Ω) andn H (Ω) can be indeed well correlated. It is shown here that this correlation exists also in the inner heliosheath. It is possible then, that both the protons and hydrogen angular distributions divert in the bulk flow direction toward the tail, not only in the outer heliosheath and beyond, but also in a certain degree in the inner heliosheath. Indeed, the angular distribution densities of protons and hydrogen atoms, and the effective thickness of the radial integration that approximates the thickness of the inner heliosheath, found to be related in a certain power law. This may reflect the fact that the solar wind protons and the LISM hydrogen atoms flow along their own streamlines with their densities of streamlines being constant.
The angular distribution of densities of both the protons and hydrogen atoms follow independently the continuity equation,
When the ratio of the bulk flow velocities of protons and hydrogen atoms near the heliopause is weakly dependent on Ω, the relationsn ion (Ω) ∼ 1/Δr eff (Ω) 2 andn H (Ω) ∼ 1/Δr eff (Ω) 2 (Equation (23)) are evident. Both the remarkably high correlation (R ∼ = 86.1%) obtained specifically for the coupling exponent b = 0.5 (Equation (22)) and the fact that the estimated thickness increases toward the tail (Figure 16b ) support the continuity of both the protons and hydrogen atoms flow (Equation (27)) that leads to constant density of streamline flow (Equation (23)). The sky maps of the density, thermal pressure and the effective thickness were derived according to the constant density of streamline flow (Equation (23). Then, the proton density was found larger in the nose than in the tail, while the opposite holds for the thickness. The location of Voyager 2 is characterized by larger thickness than that of Voyager 1, with their difference being around ∼20 AU and their ratio ∼1.6. In addition, the Ribbon's thermal pressure was found to be ∼ 3.5 pDyn cm −2 (for the highest correlation b ∼ 0.5), that is comparable to the pressure (∼2 pDyn cm −2 ) calculated by Funsten et al. (2009a) 
